Impact basins identified by Mariner 10 and Messenger flyby images provide us a fossilized record of the impactor flux of asteroids on Mercury during the last stages of the early Solar System. The distribution of these basins is not uniform across the surface, and is consistent with a primordial synchronous rotation (Wieczorek et al. 2012) . By analyzing the size of the impacts, we derive a simple collisional model coherent with the observations. When combining it with the secular evolution of the spin of Mercury, we are able to reproduce the present 3/2 spin-orbit resonance (∼50% of chances), as well as a primordial synchronous rotation. This result is robust with respect to variations in the dissipation and collisional models, or in the initial spin state of the planet. Subject headings: minor planets, asteroids: general -planets and satellites: individual (Mercury) -planets and satellites: dynamical evolution and stability
INTRODUCTION
Mercury is known to be in a 3/2 spin-orbit resonance (Pettengill & Dyce 1965; Colombo 1965; Goldreich & Peale 1966) . However, recent investigation on the locations of ancient impact basins on Mercury (pre-Caloris basin) has shown that they are not uniformly distributed across the surface, and that their distribution is consistent with the spatial variations that would arise if Mercury were once in a state of synchronous rotation (Wieczorek et al. 2012) . Assuming an initial prograde rotation for Mercury, the 3/2 resonance arises naturally, but the synchronous rotations is almost impossible to achieve (< 4% of chances) due to the high values of Mercury's orbital eccentricity (Correia & Laskar 2004 , 2009 ). An alternate scenario for capture into the 1/1 resonance is to suppose that Mercury's initial spin was retrograde, since planetary accretion models seem to allow terrestrial planets to have either prograde or retrograde initial spin rates (Dones & Tremaine 1993; Kokubo & Ida 2007) . In this case, synchronous rotation becomes the most likely outcome, but a subsequent evolution into the presently observed 3/2 resonant rotation requires a large impact event (Wieczorek et al. 2012) .
In the present Letter, we extend further the dynamical analysis of asteroid impacts on the planet surface. We obtain the impactor flux on Mercury from the present crater distribution (Sect. 2), and provide two simple models for collisions (Sect. 3). Then, using a secular spin evolution model for Mercury (Sect. 4) with collisions, we determine the chances of capture in each spin-orbit resonance (Sect. 5), and derive our conclusions (Sect. 6).
IMPACT CRATERING
Cratering is one of the most important geological processes that shape and modify the surfaces of terrestrial planets and satellites. The quantification of the impactor source population on Mercury and the observation of its surface help to understand the dynamical history of both the impactor population and the spin of the planet.
Impact basins identified by Mariner 10 based geological mapping (Spudis & Guest 1988) and Messenger flyby images (Fassett et al. 2011; Herrick et al. 2011) provide us a fossilized record of the impactor flux of asteroids during the last stages of the early Solar System. The spatial density of craters smaller than 100 km in diameter have been affected by more recent geologic processes and the numerous craters that are somewhat larger than this might also be in saturation (Fassett et al. 2011) . In addition, the minimal crater size to escape the presently observed 3/2 spin-orbit resonance is estimated to be 300 km (Wieczorek et al. 2012) . Therefore, here we restrict our analysis to those basins that are larger than 300 km (Table 1).
Cratering processes have been extensively studied through impact and explosion experiments (e.g. Schmidt & Housen 1987) . By interpreting the observations of the Deep Impact event, Holsapple & Housen (2007) derived an expression that allow us to estimate the diameter of a basin, D basin , as a function of the diameter of the impactor, D. For non porous rocks, we have (Le Feuvre & Wieczorek 2011):
where ρ and ρ a are respectively the densities of the planet and the impactor, g is the surface gravity of the planet, and u the normal impact velocity component. Adopting Mercury's values for ρ and g, a mean density for the asteroids ρ a = 2.5 g/cm 3 , and an average speed of u = 42.5 km/s (Le Feuvre & Wieczorek 2008) , we can estimate the size of the bodies that opened the basins currently observed (Table 1) : Note. -The diameter of the impactor is given by Eq.(2).
We can now derive the cumulative distribution of the impact number on Mercury as a function of the size of the bodies. In Figure 1 we used bins of 5 km and each dot gives the position of the bin. This distribution provides a reliable estimation of the impactor flux during the late heavy bombardment some 3.8 Gyr ago (Kring & Cohen 2002) . We simultaneously plot the present size distribution in the asteroid-belt (e.g. Jedicke et al. 2002) , normalized by a factor 50, such that the number of largest bodies coincide with the observed number of impacts on Mercury. Although the two populations distributions are quite similar for D crit > 110 km, for smaller diameters it appears that the number of impacts is clearly smaller.
COLLISIONAL MODELS
A realistic long-term evolution of the spin of Mercury can only be complete if one takes into account the effect from collisions during the early stages of its evolution. Escape from spin-orbit resonances can occur by variations in the eccentricity (Correia & Laskar 2004 , 2009 ), but evolution beyond these states is also possible through the momentum imparted to the planet during a basinforming impact event (e.g. Melosh 1975 ). In particular, the synchronous resonance can only be unlocked by this method (Lissauer 1985; Wieczorek & Le Feuvre 2009) .
The presently observed craters on the planet's surface provide us important information on the size and distribution of the impacts, but few on their consequences to the spin of the planet. Therefore, we adopt here a simple model to take into account large impacts on Mercury, that uses either the observed crater or asteroid distributions to generate similar random impacts.
We assume that the impact probability is uniformly distributed over the whole surface of the planet. The rotational angular momentum of Mercury prior to the collision is given by L 0 = Cω 0 k 0 , where C is the principal moment of inertia, ω the rotation rate, and k a unitvector along the spin axis. The impactor has mass m i and hits the planet at a point of the surface given by R.The planet has mass m, and assuming m i m the angular momentum change is simply obtained by
where u is the differential velocity between Mercury and the impactor. We assume also for simplicity that the orbit of Mercury is circular (r = a) and coplanar with the orbit of the impactor. Whenever the position of the impactor r i crosses the orbit of Mercury, a collision can occur, that is, when r i = a. Thus, we compute the relative velocity as
where a is the semimajor axis, e the eccentricity, and n the mean motion. Based on the present distribution of Mercury-crossing objects 1 , we assume that the impactor has origin in the asteroid belt, thus a i = a A /(1 + e i ), and e i ≥ (a A − a)/(a A + a), where a A ≈ 2.5 AU.
Finally, we assume that the initial obliquity of the planet is zero, i.e., k 0 is normal to the orbital plane. Using for simplicity the reference frame (i 0 , j 0 , k 0 ) linked to the orbital plane of Mercury, where j 0 is along the direction of u, we have
where R a = ||R × u||/u is the moment arm, which is perpendicular to u, and φ is the angle between i 0 and the impact point direction. Using expression (3), the change in the rotation rate after impact is
where = m i R a u/(Cω 0 ). In Table 2 we list the minimal impactor diameter needed to disrupt each spin-orbit resonance for different eccentricities (R a = R and φ = 0 The quantities (m i , e i ) depend on the impactor and (R a , φ) on the impact point. They are the only variables unknown in the model and they need to be randomized in order to simulate the collisions.
We assumed that impacts over the surface of Mercury are uniformly distributed. Thus, the probability density function (PDF) for φ is constant in the interval [0, 2π] , while for the moment arm R a the PDF is linear in the interval [0, R] . If x is a random variable uniform in the interval [0, 1] we then compute:
For the periastron of the impactor p i = a A (1−e i )/(1+ e i ), we use a similar distribution as for R a , that is, we assume that the PDF for p i is linear in the interval [0, a]:
Finally, for the mass distribution we use either the present asteroid-belt distribution (ABD), or the observed impacts on Mercury distribution (IMD). The total number of collisions N is a parameter that can be adjusted in the model, and the corresponding distribution of the masses is given by m i = πρ a D 3 /6. The ABD can be fitted by a polynomial curve of degree three (dashed line, Fig. 1): log D = 0.06 y 3 − 0.28 y 2 + 0.03 y + 2.25 ,
where y = log(xN ). The IMD appears to have a bump near D crit ∼ 110 km, that can be explained by different collisional regimes in the asteroid-belt (e.g. Bottke et al. 2005 ). We fitted an incremental power-law to the two different regions and obtained an index of −1.2 for sizes D crit < 110 km (solid line, Fig. 1) , and −4.5 for D crit > 110 km. The cumulative distribution functions is then given by
with
where D crit = 110 km, and 30 km is the approximate size of a body needed to open a 300 km diameter crater on Mercury (Eq. 2). Thus,
where
3.3 . In our simulations we set N = 100, which gives log(xN ) = log x + 2, D 0 ≈ 14 km, D 1 ≈ 64 km, and x 0 ≈ 8.4×10
−2 . For both ABD and IMD, if D > 200 km we repeat the interaction given by expressions (9) and (12), respectively.
SPIN DYNAMICS MODEL
Tidal dissipation and core-mantle friction drive the obliquity of Mercury close to 0
• or 180
• (Correia & Laskar 2010 ). For zero degree obliquity, and in absence of dissipation, the averaged equation for the rotational motion near the p resonance (where p is a half-integer) writes (Goldreich & Peale 1966; Correia 2006) :
where M is the mean anomaly, ω =θ, H(p, e) are Hansen coefficients, and A < B < C are the moments of inertia. For tidal dissipation we adopt a linear viscous model (e.g. Mignard 1979 ) in agreement with a Maxwell rheology for slow rotations. Its contribution to the rotation rate is given by (e.g. Correia 2009):
with Ω(e) = 1 + 3e 2 + 3e 4 /8
N (e) = 1 + 15e 2 /2 + 45e 4 /8 + 5e 6 /16
and
where m is the solar mass, k 2 is the second Love number, Q the quality factor, and ξ = C/mR 2 . The Mariner 10 flyby of Mercury and subsequent observations made with Earth-based radar provided strong evidence of a conducting existent fluid core (Ness 1978; Margot et al. 2007 ). The resulting core-mantle friction (CMF) may be expressed by an effective torque (Goldreich & Peale 1967; Correia & Laskar 2010) : Note. -"GP66" (Goldreich & Peale 1966) : spin evolution only with tides (Eqs. 13, 14), constant eccentricity and starting with prograde rotation; "CL04" (Correia & Laskar 2004 ): same as "GP66", but with planetary perturbations; "CL09" (Correia & Laskar 2009 ): same as "CL04", with the addition of CMF (Eq. 18); "Wi12" (Wieczorek et al. 2012 ): same as "CL09", but starting with retrograde rotation.
where κ is an effective coupling parameter, ω c the core's rotation rate, and c c = C c /C = 1 − c m = 0.45 (Margot et al. 2007 ). We also have κ = 2.62 √ νω/(c m R c ) (Mathews & Guo 2005) , where R c is the core radius and ν is the kinematic effective viscosity of the core.
When considering the perturbations of the other planets, the eccentricity of Mercury undergoes strong chaotic variations in time (Laskar 1994 (Laskar , 2008 Correia & Laskar 2004 , 2009 ). These variations are modeled using the averaging of the equations for the motion of the Solar System, that have been compared to numerical integrations, with very good agreement (Laskar et al. 2004a,b) . The mean value of the eccentricity is 0.198, slightly lower than the present value, but we also observe a wide range for the eccentricity variations, from nearly zero to more than 0.45. Even if some of these episodes do not last for a long time, they will allow additional capture into and escape from spin-orbit resonances (Table 2 and 3).
NUMERICAL SIMULATIONS
Assuming an initial rotation period of Mercury of 8 h, we estimated the time needed to despin the planet to the slow rotations to about 300 million years. This motivates that our starting time is −4 Gyr, although this value is not critical. Due to the chaotic behavior of the eccentricity (Laskar 1989 (Laskar , 1990 , we have performed a statistical study of the past evolutions of Mercury's orbit, with the integration of 1000 orbits in the past, starting with very close initial conditions, within the uncertainty of the present ones. For each of these 1000 orbital solutions, we have integrated numerically the rotation motion of Mercury, taking into account the resonant terms (Eq.13), for p = k/2; k = −14, . . . , 14, the tidal dissipation (Eq.14), the CMF (Eq.18), and the planetary perturbations. We adopted for all model parameters the same values as in Correia & Laskar (2009) . The effect from the collisions (Sect. 3) is only considered between −4.0 and −3.8 Gyr in the past.
In a first experiment, we use the IMD for collisions, and the initial rotation period of Mercury is set at 10 day (prograde rotation). As in previous studies, the spin encounters higher order resonances first, and capture often occurs (Fig. 2a) . Small impacts cause the planet to librate in longitude about the resonance center, with the amplitude damping with time, but for sufficiently large impacts, escape from all resonances may occur (Tab. 2). Half of these breaking events increase the rotation rate and the spin can be recaptured in the same resonance again. For the other half, the spin progressively reaches its equilibrium position ω/n ∼ N (e)/Ω(e) (Eq. 14), which corresponds to ω/n ∼ 1.25 for the average eccentricity of Mercury. Therefore, the final impacts more likely drive the spin into the the closest resonances, i.e., the 1/1 or the 3/2 resonance. As a consequence, contrarily to previous studies (Table 3) , it becomes possible to reach the synchronous resonance starting with prograde rotation (Fig. 2a) .
After the end of the collisional period (at −3.8 Gyr), about half of the simulations follow the equilibrium rotation rate (i.e., they are not trapped). However, the subsequent evolution due to the chaotic behavior of the eccentricity still leads many of these solutions to capture (Correia & Laskar 2004) . At the end of the simulations, the 3/2 resonance presently observed becomes the most probable outcome (half of the simulations), followed by one quarter in the synchronous resonance (Table 3) . Notice also that about 40% of the final captures in the present equilibrium experienced some time in the synchronous resonance (Fig. 2a) , a scenario compatible with the observed crater distribution (Wieczorek et al. 2012) .
Keeping the IMD for collisions, we then repeated all the 1000 simulations, but starting the rotation period of Mercury at −10 day (retrograde rotation). Now, lower order resonances are encountered first. We did not observe any capture in negative resonances, and the 1/2 resonance is easily destabilized by collisions (Table 2) . However, there is a strong chance of capture in the 1/1 resonance, and about 95% of the simulations spend some time there (Fig. 2b) . Once in the synchronous resonance, half of the impacts tend to increase the rotation rate to higher values, so higher order resonances are also achievable for initial retrograde planets. Again, after the end of the collisions (at −3.8 Gyr), about half of the simulations are following the equilibrium rotation rate, so the subsequent evolution is very similar to initial prograde rotation. As a consequence, the final distribution of capture probabilities are identical in the two scenarios (Table 3) .
Finally, we repeated the 1000 simulations for both initial prograde and retrograde rotation, but using the ABD for collisions. Here, spin-orbit resonances are destabilized more often, since the ABD increases the size of the bodies that collide with Mercury for D < D crit . However, the final statistics are very close (Table 3) , showing that the collisional model is not a critical parameter for the spin evolution. 
CONSCLUSION
The observed impact basins on Mercury's surface allows us to reconstruct the consequences of the late heavy bombardment on this planet. Using a collisional model based on two different size distributions, we simulate the effect of the impacts on the spin evolution of the planet. We observe that the present 3/2 resonant state becomes the most probable outcome for the rotation (about 50% of chances). This value is twice larger than when collisions are not considered (Correia & Laskar 2009 ), but very similar to the case where CMF is also neglected (Correia & Laskar 2004 ). The final distribution in each spin-orbit resonance is then more sensitive to the orbital solution statistics, rather than to the tidal, CMF, or collisional models that we use. Indeed, when collisions are taken into account, all initial captures in spin-orbit resonances are destabilized, and the final evolution of the eccentricity preferably sets the rotation of the planet between the present state and the synchronous resonance. Therefore, we do not expect that the capture probability values given in this paper will change much if other dissipative models are adopted in the future (e.g. Makarov 2012 ). In addition, the collisional model presented here is also able to reproduce a temporary capture of the planet in the synchronous resonance (Wieczorek et al. 2012) , without needing any particular assumption on the initial orientation of the spin. 
